Burney et al., 2003; Cheng et al., 2003). In outcrossed
In addition, we carried out coimmunoprecipitation of transfected SIRT1 (tagged with Myc) and p300 (tagged backgrounds, rare homozygous knockout mice survive to adulthood and are invariably smaller than wild-type with HA) (Figure 1B 5) demonstrates that equal amounts of SIRT1 were expressed in the total cell lysates. Lanes 6 and 7 demonstrate that HA-p300 was only immunoprecipitated by the Myc antibody when both Ha p300 and SIRT1dn were expressed. Lanes 6 and 7 (bottom panel) demonstrate that the levels of p300 in the total lysates were comparable. of the PI3 kinase, which, like PTEN, will downregulate parable levels of the protein in each case ( Figure 2D) . The above experiments show that SIRT1 can repress PtdIns-3-kinase signaling and activate Foxo3a. In both control (lane 3) and wortmannin-treated cells (lane 6), Foxo3a activity, and the catalytically inactive SIRT1 is less effective. PTEN expression hyperactivated Foxo3a, demonstrating the effectiveness of this reporter assay in reflecting
In an analogous study, the activity of Foxo1 (Foxo1A3, mutated in the three PKB phosphorylation sites) was levels of signaling in the insulin pathway.
In a third experiment, we analyzed the ability of SIRT1 also repressed by SIRT1 ( Figure 3A) . In this case, we examined expression of a luciferase reporter driven by to repress Foxo3a or Foxo3aA3 on promoters of known target genes, bim and the cell cycle regulator, p27 (Fig Finally, luciferase assays were carried out using an (lanes 4 and 5) by SIRT1 was observed on the DBE construct. Importantly, much stronger repression was expression vector for a third forkhead factor, Foxo4 (Foxo4A3, mutated in the three PKB phosphorylation observed on the p27 or BIM promoters in similar experiments (lanes 7-10 and 12-15). In order to be certain sites), in U2OS cells. In this case, marked activation of the reporter by forkhead was observed; this activation that the repression by SIRT1 or differences between promoters were not due to differences in Foxo3a expreswas greatly repressed by cotransfection with the SIRT1 expression vector ( Figure 3B ). In addition, Foxo4A3 also sion, Western blots were performed and showed com- 1Ј-5Ј, bottom) 5) . stress management. The endogenous Foxo3a was imIn contrast, activation was not prevented by cotransfecmunoprecipitated from HeLa cells and blotted with the tion of SIRT1dn (lane 6). These findings bolster the claim anti-acetyl-lysine or anti-Foxo3a antibodies. As shown that p300 activates Foxo3a and SIRT1 prevents this. in Figure 4B , both UV and H2O2 treatment trigger acetyNote that the ability of p300 and SIRT1 to activate and lation of Foxo3a. The levels of Foxo3a protein also aprepress Foxo3a correlates very well with their ability to pear higher in UV-treated cells (our preliminary results acetylate and deacetylate the protein ( Figure 4A ). The indicate that acetylated Foxo3a is more stable than activation of p27 appears partially blunted at the higher unacetylated Foxo3a [not shown]). As a test of SIRT1 levels of SIRT1dn (lane 7). These findings may be an involvement in deacetylation of the endogenous Foxo3a, indication of residual deacetylase activity of the SIRTdn we treated these cells with the SIRT1 inhibitor, nicotinmutation. Alternatively, they may suggest a deacetylaamide (NIC), and found a further enhancement of acetytion-independent activity of SIRT1. lation for both stressors. Treatment with the inhibitor of non-sirtuin histone deacetylases TSA also elicited greater acetylation of Foxo3a upon UV stress. These Expression of Foxo Target Genes in SIRT1 results parallel findings with stress-activated p53 using
Knockout Mice these inhibitors (Luo et al., 2001; Vaziri et al., 2001).
We next examined the effects of the SIRT1 knockout We also assessed whether SIRT1 would deacetylate mutation on Foxo activity in embryonic stem (ES) cells p300. HEK293T cells were transfected with Foxo3a (Fig- and KO mice. ES cells were transfected with a luciferase ure 4C, lanes 2-9), HA-p300 (lanes 3-9), SIRT1 (lanes reporter driven by Foxo DNA binding sites ( Figure 7A ).
4-6), and SIRT1dn (lanes 7-9). Extracts were immuno-SIRT1 Ϫ/Ϫ ES cells supported a higher level of luciferase precipitated with anti-HA and blotted for HA (middle) activity than wild-type ES cells (lanes 1 and 2). To obtain or anti-acetylated-lysine (top). Increasing amounts of
further evidence that it was Foxo activity that we were SIRT1 protein (lanes 4-6) or SIRT1dn (lanes 7-9) were measuring in these cells, we transfected them with present in extracts from SIRT1-transfected cells (botFoxo3a and repeated the assays. Foxo3a gave higher tom). Also, comparable amounts of p300 were precipilevels of reporter activity in wild-type cells (lane 3), and tated from transfected cells (middle, lanes 3-9). p300 this activity was again derepressed in SIRT1 Ϫ/Ϫ cells was clearly acetylated in p300 transfected cells (lane 3, (lane 4). Reintroduction of SIRT1 into the SIRT1 Ϫ/Ϫ ES top) and, strikingly, was deacetylated by SIRT1 (lanes cells restored repression of the reporter (not shown). 4-6) but to a much lesser degree by SIRT1dn (lanes Thus, SIRT1 represses Foxo activity in ES cells. 7-9). Thus, p300, like Foxo3a, is deacetylated by SIRT1.
In Figure 7B , we show two pairs of littermates of genoWe next determined whether the p300 acetylase and types SIRT1 ϩ/ϩ (lanes 1, 1Ј), ϩ/Ϫ (lanes 3, 3Ј), and Ϫ/Ϫ SIRT1 deacetylase influenced the ability of Foxo3a to (lanes 2, 2Ј and 4, 4Ј). Liver and kidney tissues were activate transcription. HEK293T cells were transfected harvested, RNA extracted, and probed for the forkhead with the Foxo3a expression vector ( Figure 5A, lanes 2-9) target gene PEPCK by Northern blot. Expression was or a vector control (lane 1). Increasing amounts of the elevated in the liver (left panel) and kidney (right panel) p300 expression vector were cotransfected without of the Ϫ/Ϫ mice compared to the wild-type or ϩ/Ϫ SIRT1 (lanes 2-5) or in addition to the SIRT1 vector controls. In Figure 7C , a similar analysis was carried out (lanes 6-9). In extracts, SIRT1 expression was constant for IGFBP1 mRNA, another known forkhead target, on (lanes 6-9, middle), while slight increases in Foxo3a levlivers from two pairs of littermates (AB and CD) with the els were observed with increasing levels of p300 (bottom indicated genotypes. Again, expression was higher in panel). Cells used in lanes 1-9 above had also been the Ϫ/Ϫ mice than in the wild-type littermates. cotransfected with a luciferase vector driven by the bim Finally, to demonstrate that SIRT1 is present at Foxo promoter, along with a ␤-galactosidase vector driven DNA sites in vivo, livers of ϩ/ϩ and Ϫ/Ϫ mice were by a constitutively active SV40 promoter. Expression of harvested and subject to chromatin immunoprecipitaluciferase and ␤-galactosidase were determined in all tion, using SIRT1 or several control antibodies ( Figure  cases (Figure 5B ). Compared to the ␤-galactosidase 7D). Primers bracketing a Foxo DNA site in the IGFBP1 control, luciferase levels were elevated with increasing promoter were used to probe by PCR the DNA in the levels of p300 ( Figure 5B, lanes 1-5) . This finding indiimmunoprecipitates. p300 (lanes 2 and 7), Foxo1 (lanes cates that p300 increases the activity of Foxo3a. Co-3 and 8), and Foxo3a (lanes 4 and 9) were bound to the transfection with the SIRT1 vector damped this activa-DNA site in SIRT1 ϩ/ϩ and Ϫ/Ϫ tissues. SIRT1 was bound tion ( Figure 5B, lanes 6-9) , which shows that SIRT1 at the Foxo sites in ϩ/ϩ mice (lane 5) and, as expected, represses the ability of p300 to activate Foxo3a.
was absent in the knockout control (lane 10). The above In a second test of the effect of SIRT1 and p300 on studies in ES cells and knockout mice validate that Foxo3a activity, we transfected HEK293T cells with SIRT1 negatively regulates forkhead-responsive genes Foxo3a (Figure 6, lanes 2-7) without (lane 2) or with  (lanes 3-7) p300. We also cotransfected SIRT1 (lanes in vivo. help engender the long life observed on a low calorie regimen.
